We investigated the critical scaling behavior of current-voltage (I-V) characteristics and the vortex-glassliquid transition in c-axis-oriented YBa 2 Cu 3 O 7-␦ ͑YBCO͒ films with thicknesses from 18 nm to 1000 nm, in magnetic fields applied perpendicular to the film surface. As the thickness decreased, the vortex-glass transition temperature T g , determined as the temperature at which a power-law I-V relation is observed, decreased. Critical scaling collapses of I-V curves were clearly observed in all films, which indicates that the second-order phase transition also occurs in thin YBCO films. At the same time, the isotropic three-dimensional ͑3D͒ model used in the analysis leads to the increase of the dynamical critical exponent z with decreasing thickness, and the calculated vortex-glass correlation lengths parallel to the flux line, gʈ , in the thinner films exceed the film thickness at temperatures much higher than T g . We conclude that an anisotropic 3D scaling model is needed to explain the observed results. ͓S0163-1829͑98͒03029-X͔
I. INTRODUCTION
The magnetic phase diagram of high-temperature superconductors has been actively investigated by researchers interested in the physics or applications of these materials. One of the most interesting phenomena is the second-order phase transition in disordered superconductors from vortex glass to vortex liquid in high magnetic fields. 1 Fisher, Fisher, and Huse 1 ͑FFH͒ predicted the vortexglass transition to be a second-order phase transition at the transition temperature T g , and described that the vortexglass correlation length g diverges as g ϳ͉TϪT g ͉ Ϫ and that the characteristic relaxation time g scales as g ϳ g z , where and z are static and dynamical critical exponents, respectively. They argued that the electric field E should scale as 1/(lengthϫ time) and that the current density J should scale as 1/(length) (DϪ1) , where D is the dimension number. Assuming isotropic scaling in which critical exponents do not depend on the direction of parallel and perpendicular to the flux lines, 1,2 the dc E-J characteristics should scale as
for temperatures above ͑ϩ͒ and below ͑-͒ T g , where Ẽ Ϯ is an appropriate scaling function and 0 ϭh/2e. This means that the E-J curves around T g collapse onto the two universal curves above and below T g with appropriate scaling variables J scl ϵJ/T͉TϪT g ͉
and (E/J) scl ϵ(E/J)/͉T ϪTg͉ (zϩ2ϪD) . At TϭT g , the E-J curve is expected to show the powerlaw relation of E͑J;TϭT g ͒ϳJ ͑ zϩ1 ͒/͑ DϪ1 ͒ . ͑2͒
The theory also predicts the following characteristics. In the vortex-liquid regime above T g , the log 10 -log 10 curves exhibit upward curvatures, and the system has constant resistivities at low currents. This linear resistivity, lin ϭ(E/J) J→0 , shows a temperature dependence of
On the other hand, the log 10 -log 10 curves in the vortex-glass regime below T g exhibit downward curvatures that correspond to lin ϭ0. The FFH theory predicts that the values of z and are in the ranges of 4-7 and 1-2, respectively. 1 In the above analysis, it is implicitly assumed that the sample size is infinite or larger than the vortex-glass correlation length g , except at temperatures very close to T g .
The first experimental evidence for this phase transition was given by Koch et al. in their scaling analysis of the nonlinear current-voltage (I-V) curves around the vortexglass transition temperature T g in the YBa 2 Cu 3 O 7-␦ ͑YBCO͒ thin films. 2 Since then, several groups have studied the vortex-glass transition in YBCO films and single crystals. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] They reported that the values of z and for YBCO films with thickness above 100 nm and with strip-line width above 5.6 m are 4.4-6.1 and 1.2-1.9, respectively, and have experimental errors of Ϯ0.2.
2,9-11, 13 These values are in the range predicted by the FFH theory.
1 On the other hand, the vortex-glass transition in more anisotropic or twodimensional ͑2D͒ materials, such as BiSrCaCuO, has been a topic of controversy. Recently, the scaling analyses of I-V curves in Bi 2 Sr 2 Ca 2 Cu 3 O x ͑Bi-2223͒ thin films and tapes were performed, [14] [15] [16] and the results indicated the possibility of a quasi-2D vortex-glass transition. 14 Dekker et al. reported that there is no finite-temperature vortex-glass transition in the purely 2D case in their 1.6-nm-thick YBCO films. 8 They also studied the thickness dependence of the I-V characteristics in YBCO films. 6, 8, 10 Their data for thin films ͑thickness dр40 nm͒ showed deviation from the critical scaling behavior in low-J regions, and they explained that the deviation is caused by a crossover from the threedimensional ͑3D͒ vortex-glass behavior to 2D non-vortexglass behavior. 8, 10 However, the possibility of the finitetemperature vortex-glass transition even in a purely 2D thin-film superconductor was shown by Li 17 on the basis of the dynamical simulation using the 2D gauge glass model.
In contrast to the vortex-glass transition theory, several other groups have suggested that the measured I-V curves can be explained using the flux-creep/flux-flow model [18] [19] [20] or the percolative transition model. 21 They also showed that the I-V curves calculated using such models collapse onto the two universal curves, which is similar to the prediction of the vortex-glass-liquid transition theory. The FFH theory only predicts the magnetic field dependence of T g near the superconducting transition temperature T c , and no explicit formula was given for T g .
1 In this sense, the flux-creep/fluxflow models may sometimes be helpful for the explanation of the I-V characteristics in the mixed state.
In this study, we investigated the I-V characteristics and the vortex-glass transition in YBCO thin films of various thicknesses, and discussed the effect of the thickness reduction on the vortex-glass transition to clarify the properties of vortices in the mixed state in a very anisotropic 3D system and a quasi-2D system that are in between the 3D bulk and the real 2D film, such as a one-unit-cell-layer film.
II. EXPERIMENT
Epitaxial YBCO films were deposited on SrTiO 3 ͑100͒ substrates by a laser ablation technique. We used SrTiO 3 substrates as received ͑Earth Chemical Co., Ltd.͒, and the typical surface roughness of the substrates was below 1.5 nm which corresponds to 3-4 unit cells of SrTiO 3 . All the films were deposited at 750°C in an oxygen atmosphere of 500 mTorr. The laser energy density at the target was about 1.5 J/ cm 2 , and the laser repetition rate was 2 Hz. After the deposition, the temperature was cooled to 400°C and the films were annealed in situ in an oxygen atmosphere of 760 Torr for 1 h. Although buffer layers and cover layers are known to be efficient for obtaining high-quality ultrathin films (Ͻ100 nm͒, we did not use any buffer layers or cover layers such as PrBa 2 Cu 3 O 7-␦ ͑PBCO͒, to avoid inconvenience in the transport measurements. We endeavored to finish the experiment soon after the preparation because gradual deterioration occurs, especially in thin films.
We used 11 films which have seven different thicknesses for the measurement of the I-V characteristics. After the deposition, the film was divided into two specimens, and one specimen was used for the measurement of the I-V characteristics and another was used for the measurement of the film thickness. Except for the thinnest films, the thickness of the films was measured using a surface profiler ͑Dektak IIA͒ after the film was patterned into a specific shape by chemical etching using ethylenediaminetetraacetic acid. The thicknesses of the films were 37, 75, 100, 230, 300, and 1000 nm. We confirmed that the thicknesses of the films showed a linear dependence on the deposition time, and the deposition rate was about 7.6 nm/min. The thickness of the thinnest films was estimated to be 18 nm from the deposition time and rate. We numbered the films in the order of thickness, as listed in Table I . The surface morphology of the films was observed by atomic force microscopy. The surface roughness values of the 18-nm-thick and 230-nm-thick films were about 3-4 nm and 10 nm, respectively, neglecting the particles on the surface. Figures 1͑a͒ and 1͑b͒ show x-ray diffraction ͑XRD͒ patterns of 18-and 230-nm-thick films, respectively. In these figures, the films were c-axis oriented, and we could not observe any impurity phases.
Most of the films used in the electrical transport measurements were patterned into 20-m-wide and 100-m-long bridges by standard photolithography and an Ar-ion milling etching technique, but some films ͑samples 8 and 11͒ were patterned into 50-m-wide and 2-mm-long bridges. Evaporated gold-film contact pads, annealed at 400°C in oxygen atmosphere to reduce the contact resistivity, were used as electrodes. Figures 2͑a͒ and 2͑b͒ display the temperature dependence of the resistivity for six films, samples 2, 3, 5, 6, 7, and 10, which are listed in Table I . Figure 2͑a͒ , which shows in a wide temperature range, indicates that all films were metallic in the normal state. The zero resistivity temperature T c of the 1000-nm-thick film was 90.5 K ͑sample 10͒, but T c of the 18-nm-thick film was lower, 81.2 K ͑sample 2͒. Table I shows the values of T c and the width of the superconducting transition temperature ⌬T c , where ⌬T c is defined as the range between the 90% normal-state resistivity level to zero resistivity. Several groups studied the superconducting properties of ultrathin YBCO films (Ͻ 100 nm͒ and YBCO/PBCO superlattice and multilayers and re- ported that T c of the films decreased and the transition width broadened as the film thickness decreased. [22] [23] [24] [25] [26] It is well known that the strain induced by the lattice mismatch and the difference in the thermal expansion coefficients between substrate and YBCO lowers T c of YBCO films. The magnitude of the suppression of T c in our thinner films (р37 nm͒ is within the range expected on the basis of the results of other groups . [22] [23] [24] [25] [26] We note that T c 's of the films with dу75 nm showed some variation. One of possible reasons is the oxygen stoichiometry of the films, but c-axis lattice constants of our films with dу75 nm were almost the same within the precision of our XRD measurement.
The I-V curves were measured using a dc four-probe method, as a function of temperature, in magnetic fields of 1, 2, 5, and 10 T generated by a superconducting magnet in a persistent current mode. The magnetic fields were applied perpendicular to the film surface, i.e., parallel to the c axis. Specimen temperatures were measured using a Cernox thermometer that is not affected by the magnetic field. The temperature stability of a sample during the measurements was within 0.1 K. The voltages were measured with an error of several nV using a Keithley 2002 multimeter with a 1801-nV preamp. The electric field E and the current density J were calculated using the dimensions of samples.
III. RESULTS AND DISCUSSION

A. Observation of critical scaling collapses
Figures 3͑a͒-3͑f͒ show the log 10 vs log 10 data measured at 2 T for the films of samples 2, 3, 5, 6, 7, and 10, respectively. According to the theoretical prediction, 1 we defined T g as the temperature at which the E-J curve shows a power law, and the T g 's of these films at 2 T were 52.0 K, 69.3 K, 79.6 K, 79.3 K, 84.2 K, and 85.3 K, respectively. Table I shows T g of all 11 samples measured at various magnetic fields. As shown in Table I , we see that T g decreased as the thickness d decreased. Furthermore, we can calculate the critical exponents z and using Eqs. ͑2͒ and ͑3͒ with Dϭ3, as listed in Table II . It is found that the calculated value of z increased as the thickness decreased.
Using these values of the critical exponents, we show the critical scaling collapses of the E-J curves in Figs. 4͑a͒-4͑f͒, which correspond to the E-J curves in Figs. 3͑a͒-3͑f͒. These clear critical scaling collapses imply that the second-order phase transition occurs at T g in all films. For the analysis of the vortex-glass transition in thin YBCO films (dр40 nm͒, Dekker and co-workers assumed that Dϭ3 and zϷ5 in Eqs. ͑1͒-͑3͒, and therefore the power index of the E-J curve at T g is ϳ3, which resulted in a deviation from the critical scaling behavior in the low-J region. 8, 10 In the present analysis, however, we neglect the constraint of zϷ5 in Eqs. ͑1͒-͑3͒ and determine T g as the temperature at the transition point from the upward curvature to the power-law behavior in log 10 -log 10 curves. No deviation from the critical scaling behavior was observed in the data for the films with dр37 nm in our study, as shown in Fig. 4 . We note that the measured E region in our study is lower than that in the studies of Dekker and co-workers. 8, 10 T g /T c is plotted as a function of thickness d in Fig. 5 . In order to show that the decrease of T g in the thin films is not merely the effect of the decrease of T c , we use T g /T c . We see that T g /T c was almost constant for the films with d у230 nm and that, for dр100 nm, a decrease of T g /T c was clearly observed as the thickness decreased. In our result, T g /T c of the thin films may contain some error that results from ⌬T c . However, it appears that the general tendency of the decrease of T g /T c with decreasing thickness, shown in Fig. 5 , is not affected by the ⌬T c error because the reduction of T g is much larger than ⌬T c . Such a reduction of T g due to the limited sample size reminds us of an earlier observation by Ando et al. 9 They reported that T g of YBCO films decreases with decreasing the strip width in the range from 0.54 to 5.6 m.
B. Change of critical exponents
In the present analysis, we defined T g as the temperature at which the E-J curve shows the power law, except in the high-J region where a crossover from flux creep to flux flow begins. Using this definition of T g and Eq. ͑2͒, we obtained z values, and also values using Eq. ͑3͒ ͑Table II͒. Both z and have experimental errors of Ϯ0.2 arising from the error of T g due to the temperature intervals of the E-J curve measurements. It was found that the critical exponents of z and of the thicker films (dу230 nm͒ in high fields (Bу2 T͒ slightly vary beyond the experimental errors, and they are close to the values reported for YBCO samples and those predicted by the FFH theory.
1,2,9-11,13 However, for the thinner films with dр100 nm, z monotonically increased with decreasing thickness. The z values of thin films with dр37 nm were larger than 7 and beyond the range predicted by the FFH theory.
1 The similarity between the thickness depen-
Temperature dependence of resistivity for samples 2, 3, 5, 6, 7, and 10 that are listed in Table I. dence of the vortex-glass transition and the strip-width dependence is also seen in the behavior of the dynamical exponent z. Ando et al. 9 reported that the value of z in the narrow strip (Wр1.3 m͒ was larger than 7, although zϭ5.6 was observed in a wider strip (Wϭ5.6 m͒. Roberts et al. 11 also reported large z values for YBCO films below 0.01 T. Furthermore, Yamasaki et al. also reported that the value of z, which was determined on the basis of the isotropic 3D transition, was larger than 7 in the Bi-2223 films. 14 Yamasaki et al. thus proposed that the quasi-2D vortex-glass FIG. 3. E-J curves in magnetic field Bϭ2 T ͑parallel to the c axis͒ for films ͑a͒-͑f͒, corresponding to samples 2, 3, 5, 6, 7, and 10, respectively. The temperature intervals ⌬T for ͑a͒-͑f͒ are ϳ1 K, ϳ1 K, ϳ0.5 K ͑except for the indicated regions with ⌬Tϳ1 K͒, ϳ0.4 K, ϳ0.25 K, and ϳ0.2 K, respectively. transition occurs in highly anisotropic Bi-2223, 14 since they considered that g along the c axis is limited to the distance between CuO 2 planes a few layers apart because CuO 2 planes in Bi-2223 couple weakly. By the quasi-2D analysis that corresponds to using Dϭ2 in Eqs. ͑1͒-͑3͒, they obtained reasonable values of z and .
There is a general tendency that the values of thin films with dр100 nm decreased with decreasing thickness in high magnetic fields ͑5 and 10 T͒, but the tendency was not clear at low fields ͑1 and 2 T͒. One reason for this is that the values of the 18-nm-thick films appeared to increase as the magnetic field decreased. Similar magnetic-field dependence of is also observed in the data reported for the Bi-2223 films and tapes and the YBCO/PBCO ͑2.4 nm/9.6 nm͒ multilayer film. 14, 16, 27 The seeming field dependence of may be a characteristic phenomenon for the quasi-2D system, although the origin is not clear at present. Another reason is that the values obtained at 1 T often deviate from those obtained in higher fields. Koch et al. pointed out that the values obtained in low fields ͑0.5 and 1 T͒ are less reliable than those obtained in higher fields because the vortex spacing in low fields may be near the vortex-glass correlation length g in the temperature region in which the values are obtained. 2 This means that the critical regime of the vortex-glass transition is expected to be narrower in lower fields. In any case, it is true that the values obtained in high magnetic fields or the values averaged over various magnetic fields decreased with decreasing thickness for our thinner films.
The result that all films showed clear scaling collapses indicates that the second-order phase transition occurs in all films. When the thickness was below 100 nm, however, the critical exponents depended on the thickness, and especially the z values of the thinner films (dр37 nm͒ were beyond the range predicted by the FFH theory.
1 Based on these results, we expect that the vortex-glass transition for thin films is different from that for thick films, i.e., the universality class of the phase transition for thin films is expected to be different from that for thick films.
It may be doubtful that the origin that causes the variation of T c ͑strain, oxygen deficiency, various defects, and so on͒ affects the values of the critical exponents because our thin films have lower T c . Thus, we performed the following experiments in order to confirm whether or not the values of T c and T g affect the values of the critical exponents. We prepared an oxygen-deficient YBCO film having a low T c to compare the critical exponents between two films that have the same film thickness but different T c 's. First, c-axis-oriented 230-nm-thick YBCO film was deposited on a MgO ͑100͒ substrate by laser ablation. After the deposition, the film was annealed at 400°C in an oxygen atmosphere of 100 mTorr for 2 h to deoxygenate the film. Because oxygendeficient SrTiO 3 substrates annealed under the above conditions have a substantial conductivity that affects the measurement of the transport properties of YBCO films on the substrates, we used a MgO ͑100͒ substrate for the preparation of the oxygen-deficient YBCO film. From the temperature vs oxygen pressure phase diagram for YBCO, 28 the oxygen content of the film annealed under the above condition is estimated to be 6.5-6.7. We confirmed by XRD measurement that the film was c-axis oriented and had no impurity phase. Figure 6 shows the temperature dependence of resistivity in the oxygen-deficient YBCO film. It is found that the temperature dependence of the normal-state resistivity of the film shows the same feature as reported in single crystals with oxygen contents of 6.58-6.78. 29 The oxygen-deficient film has T c of 48.2 K, which is much lower than that of the oxidized 230-nm-thick film, due to the increase of the oxygen vacancies in the CuO chains. We measured E-J curves of the oxygen-deficient film at 1 and 2 T, and show the data for 2 T in Fig. 7 . T g was also determined as the temperature at which the E-J curve showed the power law, and it was 24.1 K at 2 T. z and were obtained using Eqs. ͑2͒ and ͑3͒, and we can show the clear scaling collapse of E-J curves at 2 T in Fig. 8 . T g , T g /T c , and the critical exponents of the oxygen-deficient film at 1 and 2 T are listed in Table III . Both z and also have errors of Ϯ0.2. Although T g /T c of the oxygen-deficient 230-nm-thick film was smaller than that of the fully oxidized 18-nm-thick films at the same magnetic field, the critical exponents of the oxygen-deficient 230-nmthick film are similar to those of the oxidized 230-nm-thick film. From these results, we can deduce that the values of the critical exponents depend mainly on the film thickness and are independent of the values of T c . Hou et al. 13 also reported that the critical exponents are nearly independent of the oxygen stoichiometry of the YBCO films and the values of T c and T g .
C. Correlation length of the vortex-glass transition
We estimate g for YBCO films with various thicknesses by calculating the characteristic crossover current density J 0 ϩ that corresponds to the transition from the linear resistivity region to the nonlinear E-J region in the vortex-liquid regime. Here, we define J 0 ϩ as the current density at which E/Jϭ1.5 lin , as shown in Fig. 9 . Then J 0 ϩ satisfies 1,2
where gʈ and gЌ are the correlation lengths along the flux lines ͑parallel to the c axis͒ and perpendicular to the flux lines ͑in the a-b plane͒, respectively. 14, 30 The isotropic scaling assumption means that gʈ and gЌ show the temperature Figure 10 shows gʈ vs ͉TϪT g ͉/T g for the seven films with different thicknesses at 2 T. From the relation of gʈ ϳ͉T ϪT g ͉ Ϫ , the data can be fitted to the power law relation. For the films with dу230 nm, gʈ is less than the film thickness, except very near T g . In contrast, for the 18-nm-thick film, calculated gʈ is larger than the film thickness in a wide temperature range above T g , and for the 37-nm-thick film gʈ is expected to be larger than the film thickness at ͉T ϪT g ͉/T g ϭ0.1. If we use other criteria of J 0 ϩ , such as E/J ϭ1.2 lin or ‫ץ‬ log 10 ‫ץ/‬ log 10 ϭ1.2, gʈ becomes 30-40 % longer than that in Fig. 10 , but this does not affect the above result. From this result, we expect that gʈ is limited by the film thickness in a wide temperature range above T g and that the finite-size effect may occur on the vortex-glass transition of the thinner films, since gʈ cannot exceed the film thickness.
D. Anisotropic 3D scaling model
If gʈ is limited by the film thickness in the thin films, the situation is similar to that in the Bi-2223 films. Yamasaki et al. 14 proposed that the finite-temperature quasi-2D vortexglass transition occurs, in which only gЌ scales with ͉T ϪT g ͉ Ϫ .
Since z values calculated using the isotropic 3D scaling model increase continuously ͑Table II͒, we consider an intermediate situation. Assuming anisotropic scaling in which the values of for g parallel and perpendicular to the flux lines are not the same ( ʈ Ќ ), and defining gʈ ϳ͉T ϪT g ͉ Ϫ ʈ and gЌ ϳ͉TϪT g ͉ Ϫ Ќ , we consider the critical scaling function of the vortex-glass transition. It is found that the anisotropy of g ͑i.e., gЌ / gʈ ) is not constant and depends on temperature. A similar situation in which ʈ is not equal to Ќ ( ʈ ϭ2 Ќ ) was discussed in the Bose-glass theory. 31 In our experimental configuration, B is parallel to the c axis, and E, J, and A are parallel to the ab plane, where A is the vector potential. According to the theory, 1 EϭϪ‫ץ‬A/‫ץ‬t and A represents an inverse length; then E scales as 1/(length ϫ time) ϳ1/ gЌ g ϳ1/ gЌ 1ϩz . Similarly, since J ϳ‫ץ‬ f /‫ץ‬A and the free-energy density f scales as 1/(length) D ϳ1/ gЌ 2 gʈ , J scales as 1/ gЌ gʈ . Therefore, the appropriate scaling combinations of E and J are E gЌ 1ϩz and J gЌ gʈ , respectively. As a result, the scaling function of Eq. ͑1͒ is rewritten as
This means that J scale and (E/J) scale are represented by J scl ϵJ/T͉TϪT g ͉ ʈ ϩ Ќ and (E/J) scl ϵ(E/J)/͉TϪTg͉ Ќ zϪ ʈ , respectively. Moreover, Eq. ͑2͒ for the E-J curve at T g and Eq. ͑3͒ for the temperature dependence of lin in the vortexliquid regime are rewritten as
respectively. When we define the exponents of Eqs. ͑7͒ and ͑8͒ as Ќ (zϩ1)/( ʈ ϩ Ќ )ϭn and Ќ zϪ ʈ ϭ p, respectively, the exponent in J scale is calculated as ʈ ϩ Ќ ϭp/(nϪ1). This means that, independent of isotropic or anisotropic 3D models, the same critical scaling collapse is obtained from the exponents of the power-law relations of the E-J curve at T g and the temperature dependence of lin .
In our thin films, we consider an intermediate situation caused by the finite-size effect, which is between the 3D YBCO bulk ( ʈ ϭ Ќ ) and the quasi-2D cases ( ʈ Ϸ0) proposed for Bi-2223, 14, 16 and here we assume ʈ ϭ␣ Ќ (0 р␣р1). Assuming that ␣ decreases with decreasing thickness and z and Ќ are constant, we find that the exponents of Eqs. ͑7͒ and ͑8͒, n and p, increase with decreasing thickness. From a simple calculation, we can show that, in the thinner films, the apparent z values obtained from Eq. ͑2͒ increase and the apparent values obtained from Eq. ͑3͒ decrease. As shown in Table II , the expected behavior was actually observed in our experiment. While using ␣Ϸ 0.4 with Eqs. ͑7͒ and ͑8͒ for the 18-nm-thick films, we can estimate (z, Ќ ) ϭ(5.4-6.3, 1.8-2.4͒ and ͑5.8-5.9, 1.4-1.9͒ from our data at 2 and 10 T, respectively. The above values of z and Ќ are close to the values observed in YBCO samples and those predicted by the FFH theory.
1,2,9-11,13 Moreover, although gʈ cannot be directly obtained from our data when ʈ Ќ , if ʈ is much smaller than Ќ , we can expect that gʈ does not exceed the film thickness, except very close to T g , even in the thinner film. This seems reasonable because the result that scaling collapses were clearly obtained in the thin films means that gʈ changes as gʈ ϳ͉TϪT g ͉ Ϫ ʈ until near T g .
In a purely 2D system, the FFH theory predicted that there is no finite-temperature vortex-glass transition, and other expressions of the temperature dependence of lin and the critical scaling function were shown. 1, 8, 32 In contrast, our results that clear critical scaling collapses are obtained show that the finite-temperature second-order phase transition from vortex liquid to the phase whose lin seems to vanish occurs in our intermediate-thickness films ͑typically, 18-37-nm films͒, which are in between the 3D bulk and the real 2D film, such as a one-unit-cell-layer film. 8 As a result, it is expected that the vortex-glass-liquid transition in the intermediate thickness regime is neither the isotropic 3D vortexglass transition in the bulk nor the zero-temperature vortexglass transition in a purely 2D film, and that another vortexglass transition theory, such as the anisotropic 3D vortexglass transition theory, is needed for further investigation.
Here we discuss the finite-size effect from a different viewpoint. Fisher 33 discussed vortex-lattice melting in thinfilm superconductors in which the film thicknesses d are much smaller than the penetration depth Ќ when magnetic fields are applied perpendicular to the film. When dӶ Ќ , the system is affected by the two-dimensional effect and the effective penetration depth ⌳ Ќ of the film is expanded as 33, 34 The vortices then interact logarithmically with the potential 33, 34 V͑r ͒ϷϪ 0
in the range of ӶrӶ⌳ Ќ , where is the coherence length and r is the separation distance between vortices. This equation means that the vortex-vortex interaction energy is proportional to d in this regime. According to the recent muonspin-rotation measurements, 35 ab of the YBCO bulk is about 150 nm at zero temperature, and in our thinner films, dӶ ab at TϭT g ; therefore, the effective penetration depth ⌳ ab is a few m. In our thinner films, it is expected that the interaction energy of vortices becomes smaller than that in e Ϫr/ ab in the bulk. This means that the longrange vortex-vortex interaction in the thinner films is more effective than that in the bulk. Thus, we can expect that the vortex interactions in the thinner films are different from these of the bulk, which may affect the vortex-glass transition in the thinner films and cause the shift of the universality class of this phase transition, i.e., the critical exponents in the thinner films are different from those in the bulk.
There is an interesting result that shows the effect of film thickness on vortex dynamics. Brunner et al. 36 reported that the activation energy U of thermally activated flux motion decreased as the YBCO layer thickness decreased in the range of 2.4рdр26 nm in YBCO/PBCO multilayer films. They considered that U is proportional to the correlation volume of vortices and that the vortex correlation parallel to magnetic field ͑i.e., parallel to the c axis͒ is limited by the YBCO layer thickness. We note that the thickness of our thinnest films (dϭ18 nm͒ is within the above range.
E. Finite-size scaling hypothesis
We next try to explain the thickness dependence of T g using the finite-size scaling hypothesis. 37 According to this theory, we expect the difference between the phase transition temperatures of the film with thickness d and an infinite-size sample,
, to show the thickness dependence
where c is a constant, and is the static critical exponent. In order to analyze the thickness dependence of T g in our study, we modified Eq. ͑11͒ to
where (T g /T c ) (d) is the T g /T c ratio of the film that has thickness d and (T g /T c ) (ϱ) is the fitting parameter and may be equal to the ratio T g /T c of the YBCO bulk. The solid lines in the inset of Fig. 5 represent the data of T g /T c versus thickness d fitted to Eq. ͑12͒. As a result of this fitting analysis, we obtained ϭ1.70, 1.19, 1.30, and 1.73 for applied fields Bϭ1, 2, 5, and 10 T, respectively. These values are in the range predicted by the FFH theory.
1 However, there is a contradiction between our results and the finite-size scaling hypothesis. According to the finite-size scaling hypothesis, 37 T g of the finite-size sample should be the temperature at which the correlation length is equal to the sample size. While, as shown in Fig. 10 , for the thinner films, the temperature at which gʈ is equal to the film thickness is much higher than the T g at which the E-J curve showed a power law when we obtain gʈ from the isotropic 3D vortex-glass model ͓Eq. ͑5͔͒. For example, the temperature at which gʈ is equal to the film thickness is about 70 K for the 18-nm-thick film ͑sample 2͒ at 2 T, and this temperature is higher than T g ϭ52 K. Using T g ϭ70 K, zϭ5, and ϭ1.7, which were obtained from thick films and may be near the values of the bulk YBCO, however, we cannot observe the critical scaling collapse of E-J curves for the 18-nm-thick film at 2 T. From these results, it is concluded that the finite-size scaling hypothesis with the isotropic 3D vortex-glass model ( ʈ ϭ Ќ ) cannot explain our results for the effect of the thickness reduction on the vortex-glass transition. In contrast, assuming an anisotropic 3D vortex-glass model with ʈ Ӷ Ќ , we can expect that the temperature at which gʈ is equal to the film thickness becomes much lower than that estimated from the isotopic 3D vortex-glass model, and is close to that at which the E-J curve shows the power law. Although our results seem to be explained using the finite-size scaling hypothesis with the anisotropic 3D vortex-glass model, we note that there is a contradiction between the finite-size scaling hypothesis and the anisotropic 3D vortex-glass model because critical exponents do not depend on the sample size in the finite-size scaling hypothesis but ʈ decreases with decreasing film thickness in the anisotropic 3D vortex-glass model.
F. Wide critical scaling region
There is another similarity between the thin YBCO films and the Bi-2223 films. In Fig. 4͑a͒ , critical scaling collapse was observed in a wide temperature range between 77.0 and 33.0 K at 2 T. Yamasaki et al. reported that the critical scaling collapses for Bi-2223 thin films were observed in the temperature range between 80 and 4.2 K.
14 Such a wide critical scale region was also observed in 3%-Al-doped YBCO films. 30 These results indicate that a wide critical scale region is observed when the fluctuation effect on vortices is very large. In the case of Bi-2223, its large anisotropy causes large fluctuation effects.
1, 14 In thin YBCO films, it is considered that the reduced vortex-vortex interaction energy enhances the thermal fluctuation effect.
IV. CONCLUSIONS
We investigated the I-V characteristics and the thickness dependence of T g in YBCO films with thicknesses from 18 nm to 1000 nm. We clearly observed critical scaling collapses of E-J curves in all films, and this result indicates that the second-order phase transition occurs also in thin YBCO films. T g decreased with decreasing thickness, and we observed wide critical scaling regions in the thinner films, which were also observed in the Bi-2223 films. The dynamical critical exponent z, which is calculated from the isotropic 3D vortex-glass transition model ͓i.e., using Eq. ͑2͒ with D ϭ3͔, increased with decreasing thickness, and z's in the thinner films (dр37 nm͒ were larger than the value predicted by the FFH theory.
1 Moreover, it was found that, using the isotropic 3D vortex-glass transition model ( ʈ ϭ Ќ ), gʈ in the thinner films exceeds the film thickness at much higher temperatures than T g . This result is inconsistent with the result that the clear critical scaling collapses are observed in the thinner films. By introducing two different values for g parallel and perpendicular to the flux line ( ʈ Ӷ Ќ ) into the analysis for the temperature dependence of gʈ and gЌ ͑an anisotropic 3D vortex-glass transition model͒, we showed that gʈ in the thinner films can be less than the film thickness and increases as gʈ ϳ͉TϪT g ͉ Ϫ ʈ until near T g . This situation is consistent with the observation of the clear critical scaling in the thinner films. We conclude that an anisotropic 3D vortex-glass theory belonging to another universality class is needed to further discuss the vortex-glass transition in the films with an intermediate thickness that is in between the 3D bulk and the real 2D film.
